Lipid membrane curvature plays important roles in various physiological phenomena. Curvature-regulated dynamic membrane remodeling is achieved by the interaction between lipids and proteins. So far, several membrane sensing/sculpting proteins, such as Bin/ amphiphysin/Rvs (BAR) proteins, are reported, but there remains the possibility of the existence of unidentified membrane-deforming proteins that have not been uncovered by sequence homology. To identify new lipid membrane deformation proteins, we applied liposome-based microscopic screening, using unbiased-darkfield microscopy. Using this method, we identified phospholipase Cβ1 (PLCβ1) as a new candidate. PLCβ1 is well characterized as an enzyme catalyzing the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP 2 ). In addition to lipase activity, our results indicate that PLCβ1 possessed the ability of membrane tubulation. Lipase domains and inositol phospholipids binding the pleckstrin homology (PH) domain of PLCβ1 were not involved, but the C-terminal sequence was responsible for this tubulation activity. Computational modeling revealed that the C terminus displays the structural homology to the BAR domains, which is well known as a membrane sensing/sculpting domain. Overexpression of PLCβ1 caused plasma membrane tubulation, whereas knockdown of the protein reduced the number of caveolae and induced the evagination of caveolin-rich membrane domains. Taken together, our results suggest a new function of PLCβ1: plasma membrane remodeling, and in particular, caveolae formation.
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phospholipase Cβ1 | membrane tubulation | microscopy screening | caveolae | BAR-like domain T he alteration of membrane curvature is crucial in various cellular events, such as cell division, membrane traffic, and migration. Membrane curvature is generated by the preferential binding of specific proteins to a curved membrane. The Bin/ amphiphysin/Rvs (BAR) domain superfamily is a group of wellstudied cytosolic proteins that causes membrane deformation (1) (2) (3) (4) (5) (6) . The BAR domains are crescent-shaped modules with different radii. The binding of the BAR domain proteins forms and stabilizes membrane tubules of different diameters, depending on the curvature of the domain. Recent structural and bioinformatics analyses have led to the identification of a number of proteins that belong to different groups of the BAR family. However, there remains the possibility of the existence of unidentified membrane-deforming proteins that have not been uncovered by sequence homology.
In vitro, BAR proteins induce the tubulation of liposomes. In this study, we screened a protein that induces the tubulation of liposomes of defined lipid composition. The tubulation process was often followed, using electron microscopy or fluorescent microscopy (1-3). However, the low throughput preparation of samples in electron microscopy does not fit the screening purpose, and the addition of even a trace amount of a fluorophore can change the physical properties of liposomes. Darkfield microscopy allows real-time, in situ observation of low-contrast samples such as liposomes without labeling them (7, 8) . This method was previously used to identify septin from porcine brain extract as a protein that induces the tubulation of phosphatidylinositol-4,5-bisphosphate (PIP 2 )-containing liposomes (9) .
Using mouse brain extract, the present study identified phospholipase Cβ1 (PLCβ1), which induces tubulation of the phosphatidylethanolamine (PE)-and phosphatidylserine (PS)-containing membranes. The results indicate that the characteristic C-terminal sequence, but not the conserved inositol phospholipidbinding pleckstrin homology (PH) domain or catalytic domain of PLCβ1, is involved in the tubulation of liposomes. An in vitro study suggests that sensing and/or modulation of the membrane curvature by the C-terminal domains is involved in the activation of PLCβ1. Knockdown of PLCβ1 in Swiss 3T3 cells resulted in a deficiency of caveolae, indicating the importance of this protein in caveolae formation.
Results
Phospholipase Cβ1 Induces Tubulation of PhosphatidylethanolamineContaining Membranes. We screened for a protein that induce membrane deformation by incubating various tissue extracts with giant unilamellar vesicles (GUVs) of defined lipid composition under darkfield microscopy. We homogenized the brain, heart, and liver of C57BL/6 mice, and then the supernatant (sup) fraction was prepared. The sup was added to GUVs composed of phosphatidylcholine (PC)/PS (8:2) or PE/PC/PS (6:2:2). After 1 h incubation Significance Lipid membrane curvature plays important roles in various physiological phenomena. Using darkfield microscopy, we performed nonbiased screening of a protein that induces deformations of nonlabeled liposomes. We identified phospholipase Cβ1 (PLCβ1), which induces tubulation of the phosphatidylethanolamine and phosphatidylserine-containing membranes. The characteristic C-terminal sequence of PLCβ1, but not the conserved inositol phospholipid-binding pleckstrin homology (PH) domain or catalytic domains of PLCβ1, is involved in the tubulation of liposomes. The C-terminal sequence is predicted to have the Bin/ amphiphysin/Rvs (BAR)-like conformation by computational modeling. Our results indicate that sensing and modulation of the curvature by the C-terminal BAR-like domains is involved in the activation of PLCβ1. The present results also reveal the role of PLCβ1 in caveolae formation.
at room temperature, the specimens were observed under darkfield microscopy (Fig. 1A) . Incubation of PE/PC/PS GUVs with mouse brain extract resulted in the tubulation of 25 ± 4% (mean ± SD; n = 3) of the liposomes (Fig. 1A) . In contrast, only 1 ± 1% (n = 3; P < 0.001) of the PC/PS liposomes exhibited tubulation, even in the presence of brain extract. Extracts prepared from mouse heart and liver did not induce any membrane tubulation of either PC/PS or PE/PC/PS GUVs. Mouse brain extract did not induce tubulation of PC, phosphatidylglycerol (PG)/PC (1:1), phosphatidylinositol/PC (1:1), and cardiolipin/PC (1:1) GUVs (0 ± 0%). These results indicate that mouse brain extract contains a factor or factors that are able to induce the tubulation of PE-containing membranes.
We postulated that the factor or factors bind the PE/PC/PS, but not the PC/PS, membrane. To identify the protein factor or factors responsible for the tubulation of the PE/PC/PS membrane, we incubated multilamellar vesicles (MLVs) composed of PC/PS (8:2) or PE/PC/PS (6:2:2) with mouse brain extract, followed by precipitation of liposomes. Proteins cosedimented with MLVs were analyzed by SDS/PAGE (Fig. 1B) . Coomassie brilliant blue staining showed two bands of proteins cosedimented with the PC/PS liposomes. These proteins were identified, using matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS), as the myosin heavy chain (220 kDa) and dynamin (100 kDa), respectively. In addition to these two bands, 150 kDa protein was precipitated when the brain extract was incubated with PE/PC/PS. This protein was identified as PLCβ1.
PLCβ1 is highly expressed in the cerebral cortex, hippocampus (10), and cardiovascular system (11, 12) . PLC is an enzyme that hydrolyzes PIP 2 to inositol-1,4,5-triphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 releases Ca 2+ from endoplasmic reticulum through the specific receptor, whereas DAG activates protein kinase C (13, 14) . PLC isozymes are classified into six subfamilies (PLC-β, PLC-δ, PLC-γ, PLC-e, PLC-ζ, and PLC-η). Mammalian PLCβ1 exists in two isoforms expressed by alternative splicing, PLCβ1a and PLCβ1b (15, 16) , differing in their C-terminal sequences (the C-terminal regions after amino acid 1,024, hereafter Ctail). Fig. 1C indicates that the recombinant PLCβ1a and PLCβ1b bound PE/PC/PS (6:2:2), but not PC/PS (8:2) MLVs. Recombinant PLCβ1a and PLCβ1b induced tubulation of 14 ± 2% and 28.0 ± 2.0% of PE/PC/PS GUVs, respectively ( Fig. 1D and Movie S1). These results indicate that PLCβ1 induces tubulation of PE-containing membranes. Because PLCβ1b induced the tubulation more efficiently than PLCβ1a, we used mainly PLCβ1b for further analysis. Fig. 2A shows a negative staining electron micrograph of PE/PC/ PS (6:2:2) liposomes incubated with PLCβ1b. The width of tubules was 10-40 nm. Immunoelectron microscopy revealed that the protein bound on the tubules and buds formed on the liposome membrane (Fig. 2B, arrowheads) .
We then examined the effect of the addition of the substrate of PLCβ1, PIP 2 . PLCβ1b was added to PE/PC/PS (6:2:2) or PC/PS (8:2) GUV containing 1 mol% PIP 2 . Similar to the results with GUVs in the absence of PIP 2 , tubulation was observed in a PE-dependent manner [24 ± 3% of PE/PC/PS/PIP 2 (6:2:2:0.1); t test between PE/PC/PS with and without PIP 2 , P > 0.05]. PLCβ1b bound to PC/PS/PIP 2 (8:2:0.1) MLVs (Fig. 2C ) and not to PC/PIP 2 (10:0.1) MLVs, indicating that the presence of PIP 2 is not sufficient for binding of PLCβ1b. We also examined the binding of PLCβ1b to egg PG or PS MLVs (Fig. 2C) . The protein bound both MLVs. However, PLCβ1b did not induce any tubulation of PS and PG GUVs. We also showed that PLCβ1b bound PE/PS (1:1) MLVs, but not PE/PC (1:1) MLVs. In Fig. S1 we compared the binding of PLCβ1b to various lipids by ELISA. ELISA enables us to examine binding of the protein to nonbilayer lipids such as diunsaturated dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). Fig. S1 indicates that PLCβ1b strongly binds PE, PS, and PIP 2 , and PC works as an inhibitor in the binding. Our results indicate that the binding of the protein does not correlate to tubulation and highlight the importance of PE in tubulation.
The effects of the fatty acid composition of PE on membrane binding and the tubulation induced by PLCβ1b were then examined. In Fig. 1D , we used 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), which has one saturated palmitic acid and one unsaturated oleic acid conjugated to a glycerophosphoethanolamine backbone. In Fig. 2 D and E, we examined the binding of PLCβ1b and the protein-induced tubulation of DOPE/PC/PS (6:2:2) and disaturated, dipalmiroyl-sn-glycero-3-phosphoethanolamine (DPPE)/PC/PS (6:2:2) liposomes, in addition to POPE/PC/PS. GUVs were used to measure tubulation, whereas binding was measured using MLVs. PLCβ1b bound all of the MLVs, although DOPE increased and DPPE slightly decreased the binding. However, tubulation was not observed in DPPE/PC/PS GUVs, further indicating that protein binding is not enough for the tubulation. The difference of PE acyl chain might affect the membrane fluidity. The gel-to-liquid crystalline phase transition temperature Tc is DPPE, 64°C; DOPE, −8°C; and POPE, 25°C. In Fig. 2D , we also measured the tubulation of dilauroyl phosphatidylethanolamine (DLPE) (Tc = 31°C)-containing GUVs. DLPE/ PC/PS GUVs did not tubulate, despite similar Tc of DLPE and POPE. These results indicate that membrane fluidity is not essential for PLCβ1b-induced membrane tubulation. The reported bending rigidity of DLPE is 1.7 × 10 −19 J (17), whereas that of DOPE is 0.94 × 10 −19 J (18), consistent with the ability of DOPE to tubulate membrane. However, differences in lipid headgroup do not appear to have a large influence on the bending modulus (19) . Thus, bending rigidity does not fully explain the different effect of PE from that of other lipids on membrane tubulation.
The membrane binding of Ca
2+
-binding C2 domains of PLCδ isoforms has been reported (20) . and without CaCl 2 , P < 0.01). The decrease of the tubulation may be a result of the decrease of binding of the protein. The binding of PLCβ1 and tubulation (22 ± 4%; t test compared between with EDTA and without CaCl 2 , P > 0.05) were recovered by the addition of Ca 2+ chelating reagents. The surface charge of lipid head groups was affected by the basic pH (21, 22) . PIP 2 ionization and domain formation were reported in the presence of lipids with hydrogen bond donor capabilities (21, 23) . We also analyzed the effect of neutral pH on PLCβ1b-induced tubulation. When buffer A was adjusted to pH 7.5, PE/PC/PS GUVs stuck to the glass surface. The glass surface was siliconized to reduce nonspecific binding of GUVs. Under these conditions, 200 nM PLCβ1b (our standard condition) was not enough to induce tubulation at pH 7.5, and 33 ± 10% of PE/PC/PS (6:2:2) GUVs were tubulated when 1,840 nM PLCβ1b was applied. Less efficient but significantly positive (14 ± 4%) tubulation of PE/PC/PS GUVs was observed at 1,840 nM PLCβ1b in Tris-buffered saline (TBS) at pH 7.5 as a physiological ionic strength buffer (Fig. 2H) .
What is the role of PE on the tubulation of liposome? PE has a small headgroup and tends to form the negative curvature membrane. This negative curvature is enhanced by the unsaturation of the acyl chain. During the tubulation of liposomes, the negative curvature emerges at the outer membrane leaflet of bud necks and the inner membrane leaflet of tubes. The manipulation of the liposome by optical tweezers has shown that the maximum force is required at the budding of tubes from the flat membrane and lower, and the constant force is required for subsequent tube elongation (24) . There is an energy barrier to bend the flat membrane to the curved shape, and the redistribution of lipids reduces the energy by its spontaneous curvature. In fact, PE is associated on the edge of caveolae (25) , and the addition of PE to GUV increased tubulation efficiency (26) . Liposomes. Similar to other PLCs, PLCβ contains a catalytic core composed of an N-terminal PH domain, EF-hand motif, and the active sites X and Y, followed by a C2 domain (27) . In addition to the catalytic X and Y domains, PLCβ is characterized by the presence of an extended C terminus of ∼400 amino acids (Fig. 3A) . This C-terminal extension contains a highly conserved Gα q binding site (28) and an elongated ∼300-amino acid coiled-coil domain (27) . Whereas the PLCδ PH domain binds PIP 2 with high specificity and affinity, the binding of the PLCβ PH domain to the lipid is weak (29, 30) . In contrast, the C-terminal extension is believed to be the primary membrane binding determinant in PLCβ (31) (32) (33) . In Fig. 3 B and C, we show the effects of various C-terminal fragments of PLCβ1b on the binding to PE/PC/PS (6:2:2) MLVs and the tubulation of PE/PC/PS GUVs. The C2-Gα qCtail and Gα q -Ctail fragments selectively bound to PE/PC/PS MLVs, whereas C2-Gα q bound both PE/PS/PC and PS/PC. In contrast, C2 alone did not bind MLVs, whereas Gα q weakly bound PE/PC/PS MLVs. Although both C2-Gα q -Ctail and Gα q -Ctail specifically bound PE/PC/PS MLVs, only C2-Gα q -Ctail efficiently induced tubulation of PE/PC/PS GUVs (Fig. 3C) . Three other mutant proteins containing Gα q slightly tubulated PE/PC/PS GUVs, whereas C2 domain alone did not exhibit tubulation. Far-red fluorescent protein mKate-conjugated C2-Gα q -Ctail demonstrated the concentration of the protein to the tubules (Fig. 3D and Fig. S2 ). Fig. S2 shows that even in the spherical liposomes, mKate fluorescence was accumulated to one or several locations on the membrane surface, consistent with the observation in Fig. 2B . The mean maximum intensity of mKate-C2-Gα q -Ctail was 4,577 ± 1,640 on the tube (n = 6) and 3,119 ± 2,874 on the spherical part of tubulated liposomes (n = 6), and 2,209 ± 1,339 on the smooth membrane of spherical liposomes (n = 12). This suggests that the C2-Gα q -Ctail fragment accumulates and stabilizes the tubules shape.
Lyon et al. reported that C-terminal domains of PLCβ3 have the BAR domain-like structure (27) . From the homology modeling (SWISS-MODEL) based on their PLCβ3 structure, C2-Gα qCtail domains of PLCβ1 are revealed to form coiled coils and similar topology to BAR structure with positively charged clusters (Fig. S3) . Homology modeling suggests that C2-Gα q -Ctail of PLCβ1 is the BAR-like domain and generates/stabilizes the tubulation by a BAR modulating mechanism.
Overexpression of PLCβ1b and the C-Terminal Fragment Induce
Plasma Membrane Tubulation in Swiss 3T3 Cells. Overexpression of BAR proteins (1) and fps/fes related-Cdc42-interacting protein 4 (FER-CIP4) homology-BAR (F-BAR) proteins (2) in cultured cells has been reported to induce plasma membrane tubulation. We used tetracycline-regulated expression system to highly express mKate-PLCβ1b and its derivatives in Swiss 3T3 cells. When cells were treated with doxycycline (Dox) to trigger tetracycline (Tet)-inducible expression systems, mKate-PLCβ1b induced plasma membrane tubulation (Fig. 4A, Left) . In the absence of Dox, mKate-PLCβ1b was observed as the leaky expression, and located to the plasma membrane but did not induce tubulation (Fig. S4A) . Likewise, mKate-PLCβ1b expressed by the plasmid containing the constitutive CMV promoter also did not induce tubulation (Fig.  S4B ). Similar to full-length PLCβ1b, the mKate conjugate of the phospholipase-dead mutant H331A/H378A (34) induced plasma membrane tubulation, indicating that phospholipase activity is not required for the induction of membrane tubulation (Fig. 4A,  Center) . In contrast, the mKate conjugate of a PLCβ1b mutant defective in C2-Gα q -Ctail did not result in localization to the plasma membrane or membrane tubulation (Fig. 4A, Right) . Fig. 4B summarizes the localization of the mKate conjugate of full-length PLCβ1b and its derivatives. Both full-length PLCβ1b and phospholipase-dead H331A/H378A mutants were exclusively located at the plasma membrane, whereas C2-Gα q -Ctail-defective mutants were distributed in cellular internal compartments and the cytosol. Protein fragments that exhibited binding to the PE/PC/PS membrane (C2-Gα q -Ctail, C2-Gα q , Gα q -Ctail, and Gα q ) (Fig. 3B) were localized to the plasma membrane. In contrast, the C2 and Ctail domains were either in cellular internal compartments or the cytosol. Fig. 4C indicates the percentage of cells that exhibited plasma membrane tubulation. Consistent with the model membrane study, C2-Gα q -Ctail efficiently induced plasma membrane tubulation (Fig. S5A) . The other fragments did not significantly induce tubulation.
Liposome Size Affects the Activity of PLCβ1. It has been reported that membrane curvature affects the binding and insertion of various proteins (35) . Ahyayauch et al. (36) reported that PLC from Bacillus cereus has a higher level of activity in smaller liposomes. To gain insight into the physiological role in the alteration of membrane curvature by PLCβ1, we compared the activity of PLCβ1a and PLCβ1b on freeze-thawed and extruded liposomes composed of PE/PC/PS/PIP 2 (6:2:2:1) (Fig. 5) . The sizes and lamellarity of liposomes were examined using freeze-fracture electron microscopy (Fig. S6) . The mean diameter of freeze-thawed liposome was 484 ± 200 nm (n = 23), and that of 100 nm poreextruded liposomes was 102 ± 21 nm (n = 100). No multilamellar liposomes were observed in 100-nm liposomes, and fracture images in 4% of freeze-thawed liposomes showed membrane fragments derived from other lamellae, indicating multilamellar vesicles. To compare the lipase activity on these liposomes, the DAG production was quantified by MS. Both proteins showed higher activity on 100-nm liposomes than freeze-thawed liposomes, suggesting high curvature efficiently activates phospholipase activity of PLCβ1.
Knockdown of PLCβ1 Alters the Morphology of Caveolae. PLCβ1b and G protein subunit Gαq, which directly activates PLCβ, are reported to localize to the caveolar fraction (37) . Previously, we showed that PE and PIP 2 were accumulated at the cytoplasmic leaflet of the edge of caveolar membranes (25) . To address the role of PLCβ1 in caveolae formation, we compared the ultrastructures of the plasma membrane in control and PLCβ1 knockdown Swiss 3T3 cells. We used two sequences of small-interfering RNA (siRNA) to knockdown the expression of PLCβ1. Both siRNAs reduced the amount of PLCβ1 to ∼20% of control (Fig. S7) . The number of caveolae was dramatically decreased in the PLCβ1 knockdown cells (Fig. 6A, black arrowheads) . In addition, small electron-lucent evaginations were often protruded from the plasma membrane of PLCβ1 knockdown cells (Fig. 6A, red arrowhead) . To demonstrate the cellular distribution of caveolae in PLCβ1 knockdown cell plasma membrane in relation to the localization of caveolin, SDS-freeze fracture replica labeling was performed. The densities of caveolae in caveolae-rich membrane regions were decreased in knockdown cells [13.0 ± 3.3/μm 2 in control cells (n = 16) vs 4.8 ± 3.9/μm 2 in knockdown cells (n = 18); P < 0.01]. The surface areas of caveolae in the plasma membranes were also decreased in knockdown cells [7, 510 ± 1,100 nm 2 in control cells (n = 338) vs. 5,060 ± 580 nm 2 in knockdown cells (n = 233; P < 0.01)]. Immunogold-labeling of caveolin in the replicated plasma membrane of PLCβ1 knockdown cells demonstrated the concentrated localizations of caveolin in the cytoplasmic leaflets not only in the neck of caveolar invaginations (black arrowheads) but also around evaginations (Fig. 6B, red arrowheads) . These results indicate the importance of PLCβ1 in caveolae invagination.
Discussion
In the present study, we show that the screening using darkfield video microscopy, which previously identified the membrane deformation activity of septin (9) , has the potential capacity to identify a novel protein that has no sequence similarity to previously reported proteins that induce membrane deformation. However, only the relatively abundant proteins in the fraction can be identified in this method.
Using this procedure, we identified PLCβ1 from mouse brain extract as a protein that tubulates PE-containing liposomes. The PLCβ family shares extra C-terminal domains that are structurally similar to the BAR domain (27) . BAR domain proteins are reported to induce membrane tubulation (1-6). Our results indicate that, indeed, the C2-Gα q -Ctail fragment of PLCβ1b is predicted to have BAR-like conformation and alters membrane curvature in a PE-dependent manner (Fig. 3) . This observation and the following findings indicate that membrane tubulation is not the result of phospholipid hydrolysis: PE, PS, and PC, used to prepare liposomes, are not the substrates of PLCβ, and a phospholipase-null mutant also induces tubulation of PE/PC/PS liposomes. In our GUV study, we used 100 μM lipids and 100 nM PLCβ1b. Estimating the diameter of GUV as 5 μm and considering the surface area of phospholipid as 50 A 2 , one can calculate that roughly 3 × 10 5 proteins interact with a liposome. Under this condition, PLCβ1b induced tubulation of 28.0 ± 2.0% of PE/PC/PS GUV. In the initial experiments, we increased the protein concentration. However, tubulation efficiency was not increased. Excess proteins were rather inhibitory. Fig. 3D and Fig. S2 indicate that PLCβ1b preferentially binds tubules compared with the spherical part of liposomes. It is also noteworthy that in most liposomes, the numbers of tubules were one or, at most, a few. We speculate that the tubulation enhances the cooperative binding of PLCβ1. Once a tubule is formed, the high curvature of the membrane further recruits the protein. Membrane has to be provided for elongation of tubules; however, if tubulation starts in many positions of the membrane, it is difficult to provide the membrane for the development of tubules. This might occur when protein concentration is very high. It is possible that distribution of lipids among GUVs is inhomogeneous, and tubulated liposomes and sphere liposomes have altered lipid composition. Moreover, tubule part and spherical part of the liposomes may contain different lipid composition. Recent development in probes that bind specific lipids (38) will be used to further examine detailed lipid distribution during tubulation.
PLCβ1b is enriched in the nuclear fraction of erythroleukemia cells (39) . However, visible fluorescent protein conjugates of PLCβ1a and PLCβ1b expressed in HeLa cells were localized at the plasma membrane (40) . In our hands, mKate-PLCβ1b, as well as the mKate-conjugates of the C-terminal fragments of PLCβ1b expressed in Swiss 3T3 cells, were located at the plasma membrane (Fig. 4) . Interestingly, PLCβ1b is enriched in the caveolae of cardiomyocytes (41) . A recent freeze-fracture immunoelectron microscope study reported an association of both PIP 2 and PE to the edge of the caveolae at the plasma membrane (25) . It is well established that the heterotrimeric G protein Gα q -subunit activates PLCβ-lipase (42, 43) . Recent results indicate that membranes are essential for the activation of PLCβ isozymes by Gα q -subunit (44) . Previously, Escribá et al. showed that PE enhances the binding of Gα-subunit to model membranes (45) . FRET experiments using X-rhodamine isothiocyanate (XRITC)-Gα q -subunit, XRITC-Gβγ-subunit, and caveolin-1 (Cav1)-EGFP showed that Gα q -subunit has a stronger affinity for Cav1-EGFP than Gβγ-subunit has (46) . Our results, together with results of others, suggest that PE provides a platform for PLCβ1 activation by sensing curved membranes, such as caveolae, via the C-terminal domains. In addition to caveolin (47) , cavin (48) and pacsin2 (49, 50) are reported to be involved in the formation of caveolae. In particular, pacsin2 localizes at and stabilizes the caveolae neck, and the removal of pacsin2 is coupled Fig. 5 . Liposome size affects the activity of PLCβ1. The amount of produced DAG was analyzed by MS with PLCβ1 and no treatment (non). Total DAG is the sum of each molecular species. Data were expressed as the absolute amount of DAG (mean ± SD). Significant differences (P < 0.05) were observed between a and b, a and c, and b and c. to the flattening of plasma membrane (51) . Our results highlight the importance of PLCβ1 in caveolae assembly.
Materials and Methods
Detailed materials and methods are provided in SI Materials and Methods. The experiments using mice followed the RIKEN Regulations for the Animal Experiments and approved by the institutional review board of RIKEN.
